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The vanilloid receptor-1 (VR1, or transient receptor
potential vanilloid-1 receptor, TRPV1) is activated by
capsaicin, the key ingredient of hot peppers. TRPV1
was originally described on sensory neurons as a
central integrator of various nociceptive stimuli.
However, several human skin cell populations are
also now recognized to express TRPV1, but with un-
known function. Exploiting the human hair follicle
(HF) as a prototypic epithelial-mesenchymal interac-
tion system, we have characterized the HF expression
of TRPV1 in situ and have examined TRPV1 signaling
in organ-cultured human scalp HF and outer root
sheath (ORS) keratinocytes in vitro. TRPV1 immuno-
reactivity was confined to distinct epithelial compart-
ments of the human HF, mainly to the ORS and hair
matrix. In organ culture, TRPV1 activation by capsa-
icin resulted in a dose-dependent and TRPV1-specific
inhibition of hair shaft elongation, suppression of
proliferation, induction of apoptosis, premature HF
regression (catagen), and up-regulation of intrafol-
licular transforming growth factor-f3,. Cultured hu-
man ORS keratinocytes also expressed functional
TRPV1, whose stimulation inhibited proliferation, in-
duced apoptosis, elevated intracellular calcium con-
centration, up-regulated known endogenous hair
growth inhibitors (interleukin-1p, transforming growth
factor-3,), and down-regulated known hair growth
promoters (hepatocyte growth factor, insulin-like

growth factor-I, stem cell factor). These findings
strongly support TRPV1 as a significant novel player
in human hair growth control, underscore the phys-
iological importance of TRPV1 in human skin beyond
nociception, and identify TRPV1 as a promising,
novel target for pharmacological manipulations of
epithelial growth disorders. (Am J Pathol 2005,
166:985-998)

The tingling or burning sensation that comes along with
the consumption of hot peppers arises from capsaicin.’
The molecular target of this agent is the vanilloid (capsa-
icin) receptor-1 (VR1/TRPV1), which functions as a calci-
um-permeable nonspecific cation channel.”? In addition
to capsaicin, as the best-investigated (exogenous)
TRPV1 ligand, this receptor can also be activated and/or
sensitized by endogenous endovanilloids such as heat,
acidosis, arachidonic acid derivatives, lipid peroxidation
metabolites, and endocannabinoids (such as anandam-
ide), suggesting that TRPV1 operates as a central inte-
grator molecule of various nociceptive stimuli.># In fact, a
subset of sensory neurons can be defined by their ex-
quisite susceptibility to neuropeptide-depletion and ulti-
mately induction of neuronal degeneration by capsaicin
and other vanilloids such as resiniferatoxin (RTX)."® Clin-
ically, this has long been exploited for the management of
numerous chronic pain (such as postherpetic neuralgia)
and pruritic syndromes.®

However, beginning with our discovery that mast cells
also express functional TRPV1,” we and others have
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subsequently described that TRPV1 expression is much
more widespread than previously thought suggesting
that TRPV1 functions are not limited to sensory ones. It is
now recognized that the activation of TRPV1 on several
neuroectoderm- or mesoderm-derived cell populations,
such as mast cells,” glial cells,® bronchial epithelial
cells,® uroepithelial cells, ' and keratinocytes' "2 in vitro
results in changes in proliferation, apoptosis, differentia-
tion, and/or cytokine release. Most recently, we and oth-
ers'*'® found by immunohistology that human skin and
its appendages prominently express TRPV1 immunore-
activity (TRPV1-ir) in vivo not only on sensory nerve fibers,
but also in the epidermis, hair follicle (HF), sebaceous
gland, and several dermal cell populations. Although this
supports the concept that the functional roles of TRPV1 in
human skin biology reach well beyond nociception, the
full range of the functional properties of TRPV1 signaling
in cutaneous physiology and pathology remains to be
explored and defined.

Because human HF prominently express TRPV1-
ir,"*15 and because the HF represents a prototypic, eas-
ily manipulated and abundantly available neuroectoder-
mal-mesodermal interaction system that allows to
exemplarily dissect the effects of test agents on well-
defined epithelial, neural crest-derived, and mesenchy-
mal cell functions under physiologically relevant condi-
tions,'®2° we chose to explore TRPV1 expression and
functions in this microcosmic tissue interaction system in
situ and in HF organ culture.?"

Specifically, we wished to characterize the expression
of TRPV1 in human HFs in situ to assess the effects of
TRPV1 stimulation on hair shaft elongation, pigmentation,
HF keratinocyte proliferation, and apoptosis as well as on
HF cycling and the expression patterns of selected major
hair growth-regulatory genes in organ-cultured (ie, de-
nervated) human scalp HFs in vitro. This was comple-
mented with studies on the effect of capsaicin on cultured
human outer root sheath (ORS) and HaCaT keratino-
cytes. With the help of these studies in a physiologically
and clinically highly relevant human model system, we
hoped to obtain new hot insight into the functional role of
TRPV1 signaling in epithelial-mesenchymal interactions,
as an essential basis for the design of novel therapeutic
strategies in the management of clinically relevant epi-
thelial growth disorders via the pharmacological target-
ing of TRPV1.

Materials and Methods

Isolation and Maintenance of HFs

The study was approved by the Institutional Research
Ethics Committee and adhered to Declaration of Helsinki
guidelines. Human anagen HFs were isolated from skin
obtained from females undergoing face-lift surgery.?’
Isolated HFs were maintained in 24-multiwell plates in
supplemented Williams E medium (Biochrom, Cam-
bridge, UK) supplemented with 2 mmol/L L-glutamine
(Invitrogen, Paisley, UK), 10 ng/ml hydrocortisone (Sig-
ma-Aldrich, Taufkirchen, Germany), 10 ug/ml insulin

(Sigma), and antibiotics. Length measurements were
performed on individual HFs using a light microscope
with an eyepiece measuring graticule.

ORS and HaCaT Keratinocyte Cultures

Anagen HFs were digested using trypsin to obtain ORS
keratinocytes.?? Similarly, human dermal fibroblasts
(HDFs) were obtained from de-epidermized dermis using
enzymatic digestion. ORS cultures were kept on feeder
layer of mitomycin-treated HDFs®® in a 1:3 mixture of
Ham’s F12 (Biochrom) and in serum-free medium (SFM,
Invitrogen) supplemented with 0.1 nmol/L cholera toxin, 5
pg/mlinsulin, 0.4 wg/ml hydrocortisone, 2.43 ug/ml ade-
nine, 2 nmol/L triiodothyronine, 10 ng/ml epidermal
growth factor, 1 mmol/L ascorbyl-2-phosphate, and anti-
biotics (all from Sigma). HaCaT keratinocytes were cul-
tured in Dulbecco’s modified Eagle’s medium (Sigma)
supplemented with 10% fetal calf serum (Sigma), 2
mmol/L L-glutamine, and antibiotics.

Histology

Cryostat sections (8 um thick) of scalp skin and cultured
HFs were fixed in acetone, air-dried, and processed for
histochemistry. Hematoxylin and eosin (H&E, Sigma)
staining was used for studying HF morphology whereas
melanin pigment was visualized by the Masson-Fontana
histochemistry.24

Immunohistochemistry and
Immunocytochemistry

For the detection of TRPV1 in human skin, a peroxidase-
anti-peroxidase technique (Linaris, Wertheim, Germany),
using diaminobenzidine as a chromogen, was used.?®
After incubation with a polyclonal goat anti-TRPV1 anti-
body (1:40; Santa Cruz Biotechnology, Santa Cruz, CA),
sections were stained with biotinylated multilink swine
anti-goat/mouse/rabbit IgG (1:200; DAKO, Glostrup,
Denmark) as secondary antibody and then with an avi-
din-biotin kit (Linaris). As negative controls, the appropri-
ate TRPV1 antibody was either omitted from the proce-
dure or was preincubated with a synthetic blocking
peptide (Santa Cruz). In addition, similarly to as we de-
scribed before,™ the specificity of TRPV1 staining was
also measured on tissues recognized to be TRPV1-pos-
itive (rat spinal cord) or TRPV1-negative (spinal cord and
skin samples from TRPV1 knockout mice) (data not
shown).

For the detection of TRPV1 on isolated HFs, two com-
plementary techniques, the tyramide-substrate amplifica-
tion (TSA)?®2” and the alkaline-phosphatase (AP) activity-
based®>?® methods were used. For the TSA technique,
sections were first incubated by the TRPV1 antibody (1:
400), then with biotinylated multilink swine anti-goat/mouse/
rabbit IgG (1:200), and finally with streptavidin-horseradish
peroxidase (TSA kit; Perkin-Elmer, Boston, MA) followed by
an application of tetramethyl-rhodamine isothiocyanate-



tyramide (1:50, TSA kit). Sections were counterstained by
4,6-diamidino-2-phenylindole (DAPI) (1 ug/ml; Boehringer
Mannheim, Mannheim, Germany) for visualization of cell
nuclei. For the AP-based method, after staining with the
TRPV1-antibody (1:40) and the biotinylated multilink swine
anti-goat/mouse/rabbit IgG (1:200), sections were labeled
by a streptavidin-AP conjugate (1% reagent mixture; Vector
Laboratories, Burlingame, CA). Immunoreactions were fi-
nally visualized using Fast Red (Sigma) and the sections
were counterstained by hematoxylin (Sigma). The intensity
of TRPV1-ir was measured at four previously defined refer-
ence areas of interest of the distal ORS layers at a 0 to 255
U/pixel intensity range using the Image Pro Plus 4.5.0 soft-
ware (Media Cybernetics, Silver Spring, MD), and the aver-
age TRPV1-ir was calculated (n = 20 to 30 HFs in each
group). For the detection of TRPV1 in ORS keratinocytes,
acetone-fixed cells were incubated with the TRPV1-anti-
body (1:40) and then a fluorescein isothiocyanate (FITC)-
conjugated secondary antibody (1:400, Vector) was used to
visualize the immunosignal.

To evaluate apoptotic cells in co-localization with a pro-
liferation marker Ki-67, a Ki-67/TUNEL (terminal dUTP nick-
end labeling) double-staining method was used.?®3°
Cryostat sections were fixed in formalin, ethanol, and
acetic acid and labeled with a digoxigenin-deoxyUTP
(ApopTag Fluorescein In Situ Apoptosis detection Kit;
Intergen, Purchase, NY) in the presence of terminal de-
oxynucleotidyl transferase (TdT), followed by incubation
with a mouse anti-Ki-67 antiserum (DAKO). TUNEL+
cells were visualized by an anti-digoxigenin FITC-conju-
gated antibody (ApopTag kit), whereas Ki-67 was de-
tected by a rhodamine-labeled goat anti-mouse antibody
(Jackson ImmunoResearch, West Grove, PA). Negative
controls were performed by omitting TdT and the Ki-67
antibody.

For simultaneous immunodetection of TRPV1 and NKI/
beteb, a sensitive marker of skin melanocytes,®' ace-
tone-fixed cryostat sections were incubated with a goat
anti-TRPV1 antibody (1:40) and then with a rhodamine-
labeled rabbit anti-goat IgG (1:200, Jackson Immuno-
Research). Samples were then stained with a mouse
anti-NKl/beteb antibody (1:20; Cell Systems, St. Kathari-
nen, Germany) and finally with a FITC-conjugated goat
anti-mouse secondary antibody (1:200, Jackson
ImmunoResearch).

Staining for transforming growth factor (TGF)-B, was
performed with a rabbit anti-TGF-B, antibody (1:50,
Santa Cruz)? followed by a FITC-labeled goat anti-rabbit
antibody (1:200, Jackson ImmunoResearch). Filaggrin
immunostaining was performed using a rabbit anti-filag-
grin antibody (1:100; Covance, Richmond, CA) and a
FITC-labeled goat anti-rabbit secondary antibody (1:200,
Jackson ImmunoResearch). The mean fluorescence in-
tensity of TGF-B, and filaggrin was measured at four
previously defined reference areas of interest in the hair
matrix of the hair bulb (for TGF-B,) or in the isthmus
region (for filaggrin) using the Image Pro Plus 4.5.0 soft-
ware (Media Cybernetics), and the average values were
calculated (n = 20 to 30 HFs in each group).
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Quantitative Real-Time PCR (Q-PCR)

Q-PCR was performed on an ABI Prism 7000 sequence
detection system (Applied Biosystems, Foster City, CA)
by using the 5’ nuclease assay. Total RNA was isolated
using either TRIzol (for cell cultures, Invitrogen) or the
RNA easy kit (for HFs; Qiagen, Hilden, Germany). Three
g of total RNA were then reverse-transcribed into cDNA
by using 15 U of AMV reverse transcriptase (RT) (Promega,
Madison, WI) and 0.025 ug/ul random primers (Promega).
PCR amplification was performed by using the TagMan
primers and probes (assay ID, Hs00218912.m1 for human
TRPV1; assay ID, Rn00583117_m1 for rat TRPV1) using
the TagMan universal PCR master mix protocol (Applied
Biosystems). As internal controls, transcripts of glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) were de-
termined (assay ID, Hs99999905_m1 for human GAPDH,;
assay ID, Rn00576699_m1 for rat GAPDH).

Semiquantitative RT-PCR

The expression of mMRNA for TGF-, in cultured HFs (15
per group) was determined by semiquantitive RT-PCR.33
The total RNA was extracted using the RNA easy kit
(Qiagen) and then was reverse-transcribed with random
primers and RT provided in the First Strand cDNA Syn-
thesis kit for RT-PCR (Boehringer). Subsequent PCR am-
plification [94°C for 5 minutes; 30 cycles of 94°C for 30
seconds, 57°C (TGF-B,) or 55°C (B-actin) for 60 seconds,
72°C for 60 seconds; 72°C for 10 minutes] was per-
formed on the UNO-Thermoblock (Biometra, Géttingen,
Germany) with the following primers (all from Sigma):
TGF-B,, 5'-ATC CCG CCC ACT TTC TAC AGA C-3’ and
5'-CAT CCA AAG CAC GCT TCT TCC-3' (GenBank ac-
cession number, Y00083); B-actin, 5'-CGA CAA CGG
CTC CGG CAT GTG C-3' and 5’-CGT CAC CGG AGT
CCA TCA CGA TGC-3' (GenBank accession number,
NMO001101). The PCR products were visualized on a 2%
agarose gel with ethidium bromide and the photo-
graphed bands were quantified by an Image Pro Plus
4.5.0 software (Media Cybernetics).

Western Blotting

To determine the expression of TRPV1 in cultured cells,
the Western blot technique was applied.®* Cells were
harvested in homogenization buffer [20 mmol/L Tris-Cl,
pH 7.4, 5 mmol/L EGTA, 1 mmol/L 4-(2-aminoethyl)ben-
zenesulfonyl fluoride, 20 umol/L leupeptin, all from
Sigma] and the protein content of samples was mea-
sured by a modified BCA protein assay (Pierce, Rock-
ford, IL). The samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (8% gels were
loaded with 20 to 30 wg protein per lane), transferred to
nitrocellulose membranes (Bio-Rad, Vienna, Austria), and
then probed with the above anti-TRPV1 antibody (1:100).
A horseradish peroxidase-conjugated rabbit anti-goat
IgG antibody (1:1000, Bio-Rad) was used as a secondary
antibody, and the immunoreactive bands were visualized
by enhanced chemiluminescence (Amersham, Little
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Chalfont, UK) on light-sensitive films (AGFA, Brussels,
Belgium).

Calcium Measurement

Changes in intracellular calcium concentration ([Ca®*])
on TRPV1 activation were detected as described be-
fore.3* Cells were cultured on coverslips and a calcium-
sensitive probe fura-2 AM (5 umol/L; Molecular Probes,
Eugene, OR) was introduced into the intracellular space
(1 hour at 37°C). The coverslips, containing the fura-2-
loaded cells, were then placed on the stage of an in-
verted fluorescence microscope (Diaphot; Nikon, Tokyo,
Japan). Excitation was alternated between 340 and 380
nm using a dual-wavelength monochromator (Deltascan;
Photon Technology Int., New Brunswick, NJ). The emis-
sion was monitored at 510 nm with a photomultiplier at an
acquisition rate of 10 Hz per ratio, and the fluorescence
ratio (F540:F3g0) Values were determined. Cells were con-
tinuously washed by Tyrode’s solution (in mmol/L, 137
NaCl, 5.4 KCI, 0.5 MgCl,, 1.8 CaCl,, 11.8 Hepes-NaOH,
1 g/L glucose, pH 7.4, all from Sigma) using a slow
background perfusion system, whereas the agents inves-
tigated were applied through a rapid perfusion system
positioned in close proximity to the cell measured.

Proliferation Assay

Proliferation was measured by a colorimetric bromode-
oxyuridine (BrdU) assay kit (Boehringer).® Cells were
plated in 96-well multititer plates (for the HaCaT cells,
5000 cells/well; for the ORS keratinocytes, 10,000 cells/
well layered on 5000 cells/well mitomycin-treated HDFs)
in quadruplicates and 4 hours later were treated with
various compounds for 72 hours. Cells were then incu-
bated with 10 wmol/L BrdU for 4 hours, and the cellular
incorporation of BrdU was determined colorimetrically
according to the manufacturer’s protocol. During the pro-
liferation experiments, the following media were used
(see above for detailed compositions): low-Ca SFM (low
Ca®* concentration, 0.4 mmol/L); high-Ca SFM (Ca®*
concentration was set to 2 mmol/L using CaCl,).

Flow Cytometry

The effect of TRPV1 activation on cellular proliferation,
differentiation, apoptosis, and the expressions of various
regulators of HF growth and development were assessed
by flow cytometry. Control and capsaicin-treated ORS
keratinocytes were immunostained with the following pri-
mary antibodies: Ki67 (mouse, 1:100; DAKO), proliferat-

ing cell nuclear antigen (mouse, 1:50; Novocastra, New-
castle on Tyne, UK), filaggrin (rabbit, 1:100; Covance),
cytokeratin-14 (CK-14, mouse, 1:20; Novocastra), CK-17
(mouse, 1:20; Novocastra), involucrin (mouse, 1:50;
Sigma), insulin-like growth factor-I (rabbit, 1:100; Santa
Cruz), hepatic growth factor (1:20, rabbit; Santa Cruz),
c-kit/stem cell factor (SCF, mouse, 1:50; Santa Cruz),
TGF-B, (mouse, 1:50; Santa Cruz), interferon-y (IFN-v)
(goat, 1:20; Santa Cruz), interleukin (IL)-1B (goat, 1:50;
Santa Cruz), tumor necrosis factor-a (rabbit, 1:20; BD
Pharmingen, San Diego, CA), and fibroblast growth fac-
tor-5 (goat, 1:20; Santa Cruz). FITC-conjugated appropri-
ate secondary antibodies (1:100, Vector) were then ap-
plied and, after fixation, cells were analyzed by a flow
cytometer (EPICS XL-4; Coulter, Miami, FL). After isotype
control calibration, the immunopositive signals were de-
termined (at least 50,000 cells per antigen) and ex-
pressed as the percentage of total cell number. For the
detection of apoptosis, cells were incubated with a FITC-
conjugated annexin-V antibody (Sigma) and analyzed
similarly.

Statistical Analysis

When applicable, data were analyzed using a two-tailed
unpaired t-test and P < 0.05 values were regarded as
significant differences.

Results and Discussion

Human Scalp HFs Express TRPV1 Mainly in the
ORS and in the Hair Matrix

Recent reports suggest the expression of TRPV1 on hu-
man epidermal keratinocytes.''™'® However, given the
substantial differences between epidermal and HF kera-
tinocytes'”'®3% and the multiple changes in their gene
expression patterns that keratinocytes are known to un-
dergo after being placed in culture, we began by char-
acterizing TRPV1 expression in the human HF in vivo,
using full-thickness normal scalp skin obtained during
routine plastic surgery.

As revealed by immunohistochemistry, TRPV1-ir in hu-
man scalp HFs in anagen VI stage of the hair cycle'”'®
was restricted to the follicle epithelium, where it was most
prominent in the ORS and less pronounced in the hair
matrix (Figure 1A). This specific (as assessed by numer-
ous positive and negative controls, see Materials and
Methods section; Figure 1A, inset)'* and marked
TRPV1-ir was comparably high to that previously seen on

Figure 1. TRPV1-ir on human skin and cultured human HFs. A: TRPV1-ir (with diaminobenzidine as a chromogen) on inner root sheath, ORS, and matrix (MK)
keratinocytes (DP). Inset, negative control of TRPV1 staining. B: Negative control of TRPV1 staining. TSA (C, D) and AP (E, F) TRPV1-ir on cultured anagen (C,
E) and catagen (IFN-y-induced; D, F) human HFs. G/1, G/2: Double-fluorescence immunolabeling of TRPV1+ (red, G/1) and NKI/beteb+ (green, G/2) cells
in the human cultured HFs. Note the lack of co-localization of TRPV1-ir on HF melanocytes. Nuclei were counterstained by DAPI (blue fluorescence in B-D; also
in G, but not shown for clarity). H: Q-PCR analysis of TRPV1 expression in the human HF. Data of TRPV1 expression were normalized to the expression of GAPDH
of the same sample and are expressed as relative mRNA amounts as a function of startup ¢cDNA (relative amount of 1 was defined as the detection threshold).
NTC, nontemplate (negative) control; TRPV1/C6 and TRPV1/CHO, C6 and CHO cells stably expressing the recombinant rat TRPV1 (positive controls). Values are
mean * SEM of three independent determinations. Original magnifications: X100 (A), X200 (B-G).



Hair Growth Control via TRPV1 989
AJP April 2005, Vol. 166, No. 4

Y

Control

w
(=]
J

EEEINTC

J VRI1/C6
VR1/CHO
| I Human HF

N
W

— — N
o W [=]
1 1

W
I

Relative amount of VR1 mRNA

DM
.

72\
3
Startup amount of cDNA (ng)

g



990 Bodo et al
AJP April 2005, Vol. 166, No. 4

epidermal keratinocytes of human skin.'* TRPV1-ir, how-
ever, was absent from the inductive, specialized HF mes-
enchyme, the fibroblasts of the dermal papilla (DP) (Fig-
ure 1A). An identical expression pattern of TRPV1-ir, as
assessed by complementary TSA and AP techniques,
was found on anagen VI HFs cultivated in organ cultures
(Figure 1, C and E); ie, most intense signals were local-
ized to the ORS and matrix keratinocytes and (yet much
less intensively) to inner root sheath keratinocytes.

It has long been appreciated in the field that organ-
cultured human HFs usually do not achieve more than
early catagen development, before the follicle begins to
degenerate.?" ¢ However, using IFN-y as the strongest
in vitro catagen inducer for human scalp HFs described
so far, we have recently even been able induce mid-
catagen stages.?”®” Using these results, it was intriguing
to observe that TRPV1 expression significantly increased
on cultured HFs (especially on the ORS keratinocytes)
that were experimentally induced to undergo the early to
mid stages of HF involution (catagen) phase by 1000
IU/ml IFN-vy (Figure 1, D and F) (catagen I/Il was evident
by light microscopy evaluation of morphological signs,
up-regulation of TUNEL+ and down-regulation of Ki67+
keratinocytes of the hair matrix, along with termination of
melanogenesis in the HF pigmentary unit, see below and
in Stenn and Paus'® and Muller-Réver et al®®). Image
analysis revealed that the mean staining intensity of
TRPV1 was by 32.3 + 6.8% (mean = SEM, P < 0.05,n =
20 to 30 HFs in each group) higher in the IFN-y-treated
(hence catagen I/Il) HFs than in the control (anagen)
ones (data not shown) suggesting that the expression of
TRPV1 in these cells is in fact regulated by the cycling
machinery of the HF.
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To clarify whether some of the TRPV1-ir in the hair
matrix reflected TRPV1 expression by the specialized
melanocytes of the HF pigmentary unit,*® double-immu-
nolabeling was performed with antibodies against TRPV1
and NKl/beteb, a very sensitive melanocyte marker (Fig-
ure 1G).2" Using this method, we found no co-localization
of the two immunosignals suggesting that HF melano-
cytes, similar to our previous demonstration on human
epidermal melanocytes in situ,’* also failed to express
TRPV1. Therefore, both the mesoderm-derived DP fibro-
blast, and the neural crest-derived HF melanocytes did
not express TRPV1 immunoreactivity.

To control whether intraepithelial TRPV1-ir corre-
sponded to the presence of TRPV1 transcripts, RNA was
rapidly extracted from freshly microdissected proximal
human HF in the anagen VI stage of the hair cycle’”"°
and subjected to Q-PCR. As shown in Figure 1H, mRNA
transcripts for TRPV1 were unambiguously identified in
normal human scalp HFs. Remarkably, the HFs ex-
pressed TRPV1 at very high levels, which were compa-
rable to those of the two positive controls; ie, Chinese
hamster ovary (CHO) and C6 cells recombinantly over-
expressing the rat TRPV1.34 Therefore, in vivo the human
HF epithelium indeed transcribes the TRPV1 gene at high
levels, similarly to other nonneuronal epithelial and mes-
enchymal cell types.” '

TRPV1 Stimulation Inhibits Hair Shaft Elongation
and Hair Matrix Keratinocyte Proliferation

To explore the functional consequences of TRPV1 stim-
ulation in vitro under as physiological conditions as pos-
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Figure 2. The activation of TRPV1 inhibits HF elongation. A: Cultured HFs (18 per group) were treated with either the vehicle (DMSO, control) or with various
concentrations of capsaicin (Caps) for the time indicated. B: Cultures were treated with the vehicle (control), 10 wmol/L capsaicin (Caps), or 10 wmol/L capsaicin
and 100 nmol/L iodo-RTX (Caps + I-RTX). Length measurements were made on individual HFs using a light microscope with an eyepiece measuring graticule.
All data were compared with those of the control group, and analyzed by two-tailed unpaired ftest. Results are expressed as mean = SD. *, Significant (P < 0.05)

differences. Two to three additional experiments yielded similar results.
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Figure 3. The activation of TRPV1 inhibits proliferation and induces apoptosis in cultured HFs. Co-immunolabeling of proliferating (Ki-67+, red fluorescence)
and apoptotic (TUNEL+, green fluorescence) cells on control (A) and capsaicin-treated (10 wmol/L for 5 days, B) cultured HFs. Nuclei were counterstained by
DAPI (blue fluorescence). MK, matrix keratinocytes. C: Statistical analysis of number of Ki-67 and TUNEL+ cells as compared to the number of DAPI+ cells on
several HFs per group. Data are expressed as mean = SD. * Significant (P < 0.05) differences. Original magnifications, X400.

sible, microdissected, organ-cultured normal anagen VI significantly decreased the number of Ki67+ keratino-
scalp HFs were exposed to the prototypic, most exten- cytes in the anagen hair bulb (Figure 3).

sively studied, and clinically used TRPV1 agonist, cap- The inhibitory effect of capsaicin on hair shaft elonga-
saicin (0.1 to 30 pwmol/L)."*® ' Capsaicin significantly tion was completely abolished by the specific TRPV1
inhibited hair shaft elongation in a time- and dose-depen- antagonist iodo-resiniferatoxin  (I-RTX, 100 nmol/L),*°
dent manner (Figure 2A), as an indication of hair growth- demonstrating a TRPV1 specificity of the observed hair
inhibitory properties of TRPV1 signaling. Hair growth in- growth-inhibitory effect of capsaicin (Figure 2B). The an-
hibition by capsaicin was further confirmed by the finding tagonist alone only exerted a minor, statistically insignif-
that treatment of cultured HFs by capsaicin for 5 days icant modulation of HF elongation (data not shown).
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Figure 4. The activation of TRPV1 induces catagen transformation in cultured HFs. Cultured HFs were treated with either the vehicle (A) or with 10 wmol/L
capsaicin for 5 days (B), then processed for H&E staining, and the percentage of HFs in anagen or catagen state, according to previously well-defined criteria
(narrower hair bulb and depigmentation in catagen HFs), was determined (C). MK, matrix keratinocytes. Results are expressed as mean * SEM. *, Significant (P <
0.05) differences. Two to three additional experiments yielded similar results. Original magnifications, X100.
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These data unambiguously argue for the functional ex-
pression of TRPV1 in human organ-cultured scalp HFs.

TRPV1 Stimulation Up-Regulates HF
Keratinocyte Apoptosis and Induces Premature
Catagen Onset in Vitro

These findings were further supported by the observation
that the number of TUNEL+ keratinocytes in the hair bulb
significantly increased after capsaicin stimulation, sug-
gesting the induction of apoptosis by TRPV1 stimulation
(Figure 3). This inhibition of proliferation and stimulation
of apoptosis by TRPV1 signaling in normal epithelial cells
of the human HF in situ are perfectly in line with previous
reports on the proliferation-inhibitory and apoptosis-stim-
ulatory effects of TRPV1 activation for example in glial
cells,® and in airway®*' and breast epithelial cells*? in
vitro.

Using quantitative histomorphometry of H&E-staining
section of HFs and analyzing such staining based on
well-defined morphological criteria,'®%® we next as-
sessed the effect of the TRPV1 agonist on HF cycling in
vitro, namely on the anagen-catagen transition, which is
characterized by massive up-regulation of keratinocyte
apoptosis and down-regulation of keratinocyte prolifera-
tion in the anagen hair bulb.'®3843 Ag shown in Figure 4,
capsaicin stimulated the onset of catagen transformation
of the HF; whereas at day 0, most of the HFs (~80%)
were in the anagen VI phase, after 5 days of treatment
with 10 to 30 wmol/L capsaicin, ~50 to 80% of the HFs
had entered catagen (Figure 4C). It should be noted,
however, that capsaicin was primarily capable of induc-
ing only early catagen stages, and that we very rarely
found that HF regression in vitro had progressed into late
stages of the catagen transformation after application of
the TRPV1 agonist.

Characteristically, the onset of catagen is accompa-
nied by an interruption of all pigmentary activity of HF
melanocytes and by a gradual depigmentation of the
lower HF,'®3° which was also evident in capsaicin-
treated HFs (Figure 4, A and B). However, we were
interested in learning whether TRPV1 activation affected
pigmentation on HFs, which were not yet transformed to
catagen. Since the first visible signs of catagen induction
were seen at days 3 to 4 of capsaicin treatment, in the
next experiments, the application of the TRPV1 agonist
was terminated at day 3. Using Masson-Fontana histo-
chemistry, we found that the activation of TRPV1 by cap-
saicin did not modify the pigmentation (data not shown),
which was in accordance with our finding that the mela-
nocytes of the HF pigmentary unit do not express TRPV1
(Figure 1F).

Terminal Differentiation of Human HF
Keratinocytes in Situ Appears To Be
Independent of TRPV1 Stimulation

Next, we investigated whether capsaicin also affected
differentiation in the HF epithelium. Therefore, the expres-
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Figure 5. The activation of TRPV1 does not affect terminal differentiation
but up-regulates TGF-f3, expression in cultured HFs. Fluorescence immuno-
labeling of differentiation marker filaggrin on control (A) and capsaicin-
treated (10 wmol/L for 3 days, B) HFs (the isthmus region exhibiting the most
intense staining is shown). Note the lack of effect of capsaicin on filaggrin
expression (see text for statistics). Fluorescence immunolabeling of TGF-8,
on control (C) and capsaicin-treated (10 wmol/L for 2 days, D) HFs. MK,
matrix keratinocytes. Note the up-regulation of TGF-B, by capsaicin (see text
for statistics). Nuclei were counterstained by DAPI (blue fluorescence). E:
RT-PCR analysis of TGF-f, (and B-actin, used as an internal control) mRNA
expression in cultured HFs. Lane 1, reaction without template (negative
control); lane 2, control at day 1; lane 3, 10 umol/L capsaicin treated at day
1; lane 4, control at day 2; lane 5, 10 umol/L capsaicin treated at day 2. bp,
predicted product sizes. F: mRNA of transcripts were quantified by densi-
tometry and the values of TGF-B, were normalized to those of B-actin. Data
of the capsaicin-treated groups, obtained in three independent experiments,
are expressed as mean * SEM values as a percentage of the daily matched
control samples regarded as 100%. *, Significant (P < 0.05) differences.
Original magnifications: X100 (A, B); X400 (C, D).



Table 1. Effect of Capsaicin Treatment on the Expressions of
Different Markers on ORS Keratinocytes

Capsaicin
Marker (% of control)
Proliferation
Ki-67 738 =77 ()
PCNA (proliferating cell nuclear 716 +9*(])
antigen)
Apoptosis
Annexin-V 143 £8*(1)
Differentiation
CK-14 (cytokeratin-14) 94.2 + 11
CK-17 (cytokeratin-17) 98.3+6
Filaggrin 1023 =8
Involucrin 95.1 + 13
Hair growth-promoting factors
HGF (hepatic growth factor) 63.5 +81* ()
IGF-I (insulin-like growth factor-I) 53 +9* ()
SCF (c-kit/stem cell factor) 749 +6*(])

Hair growth-inhibitory factors
FGF-5 (fibroblast growth factor-5) 95 +5
IFN-vy (interferon-vy)
IL-1B (interleukin-1B)
TGF-B, (transforming growth
factor-B,)

TNF-« (tumor necrosis factor-a) 98.6 + 4

Flow cytometry analyses were performed, as described under
Materials and Methods, on control and capsaicin-treated (10 umol/L for
2 days in high-Ca2* SFM) ORS keratinocytes, and values of the treated
samples were normalized as percentage of the control regarded as
100%. Data are expressed as mean = SEM of three determinations.

*Significant (P < 0.05) alterations.

sion of the keratinocyte differentiation marker filaggrin®*

was studied. As before, cultured HFs were treated with
capsaicin only for 3 days, and then immunohistochemis-
try was performed to detect filaggrin expression. As seen
Figure 5, A and B, vanilloid application modified filaggrin
expression only insignificantly: the mean fluorescence
intensity values in the isthmus region were 76.8 * 6.3 for
the control and 80.3 *+ 4.8 for the capsaicin-treated HFs
(mean = SEM, P > 0.5, n = 20 to 30 HFs in each group,
data not shown). These data suggest that, in contrast to
its effect on HF elongation (Figure 2), proliferation (Figure
3), cycling (Figure 4), and apoptosis (Figure 3), capsa-
icin, similarly to its in vitro action on cultured ORS kera-
tinocytes (see below and Table 1), does not affect in situ
differentiation of HF keratinocyte in a major way. Our
findings, therefore, indicate that the hair growth-inhibitory
effects of TRPV1 stimulation are chiefly based on a stim-
ulation of hair matrix keratinocyte apoptosis and on inhib-
iting proliferation (Figure 3) of these cells. These results
were in contrast with our previous findings on glial cells®
where the growth-inhibitory effect of capsaicin was ac-
companied by the modification of differentiation, sug-
gesting that the characteristics of TRPV1 signaling show
strong cell-type dependence (see also Concluding Re-
marks section).

The Hair Growth-Inhibitory Effects of TRPV1
Signaling May in Part Be Mediated via TGF-B,

The capsaicin-induced changes on cultured HFs were
very similar to those described for TGF-B,, a well-known
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inhibitor of hair shaft elongation and inducer of both
apoptosis and catagen in human HFs.2"294% Therefore,
we investigated a possible involvement of TGF-3, in the
hair growth-inhibitory effect of TRPV1 stimulation. Capsa-
icin treatment for 2 to 3 days indeed markedly up-regu-
lated the HF expression of TGF-B,, both at the protein (as
revealed by immunohistochemistry, Figure 5, C and D)
(at day 2, the mean fluorescence intensity values in the
hair bulb region of the capsaicin-treated HFs were by
132.8 = 13% higher than the control ones; mean + SEM,
P < 0.001, n = 20 to 30 HFs in each group, data not
shown) and the mRNA level (as assessed by RT-PCR;
Figure 5, E and F). In addition, co-culture of anagen HFs
with capsaicin and TGF-B,-neutralizing antibodies par-
tially abrogated the capsaicin-induced inhibition of hair
shaft elongation (35.2 + 6% suppression of the effect of
capsaicin to inhibit hair shaft elongation; mean = SEM,
P < 0.05, n = 6, data not shown). These findings, ie,
TRPV1 activation up-regulated the level of TGF-B, in HFs
that were not yet induced to transform to catagen and
TGF-B,-neutralizing antibodies partially abrogated the
TRPV1-mediated effects indicate that at least some of the
hair growth-inhibitory effects of TRPV1 signaling in epi-
thelial biology may be indirectly mediated by stimulation
of the expression and secretion of TGF-B,. The activation
of TRPV1 very often results in the release of various
cytokines and growth modulatory agents (eg, interleu-
kins, prostaglandins) on numerous cell types such as
mast cells,” bronchial epithelial cells,® and keratino-
cytes.'® However, according to our knowledge, this is the
first demonstration of the link between the TRPV1 and
TGF-B, signaling mechanisms. We should emphasize,
however, the TRPV1-mediated alterations in organ-cul-
tured human anagen VI HFs may indeed recruit other
signaling pathways in addition to TGF-B2 and signaling
via its cognate receptor (see also Concluding Remarks
section).

Human Cultured ORS Keratinocytes, but Not
DP Fibroblasts, Express TRPV'1

To double-check and further analyze the data obtained
with intact, microdissected anagen HFs, primary cultures
of human ORS keratinocytes were used, whereas HaCaT
keratinocytes were used as positive controls, since the
latter have previously been reported to express functional
TRPV1."® By immunocytochemistry (Figure 6A) and
Western blotting (Figure 6B), we were able to present the
first evidence that the TRPV1 protein is indeed expressed
in normal ORS keratinocytes, and this at a level compa-
rable to that of HaCaT keratinocytes (Figure 6B). Using
Q-PCR, we could also detect TRPV1 mRNA transcripts in
ORS keratinocytes and, as expected, "% in HaCaT cells
and normal human epidermal keratinocytes (Figure 6C).
In perfect agreement with our findings obtained with cul-
tured HFs (Figure 1) and on human skin in situ,'* TRPV1
was undetectable in cultured HDFs, neither at the protein
(Figure 6B) nor at the mRNA (Figure 6C) level.
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TRPV1 Stimulation Inhibits the Proliferation,
Elevates [Ca®*], and Induces Apoptosis in
Cultured ORS and HaCaT Keratinocytes

On sensory neurons and several nonneuronal cell types
(including HaCaT cells), TRPV1 functions as a Ca®*-
permeable cation channel.m#57-91213 Hence, we also
tested whether the application of capsaicin affects the
intracellular Ca®* homeostasis in ORS keratinocytes. As
revealed by optical Ca?* imaging, capsaicin dose-de-
pendently increased [Ca®*]. in ORS keratinocytes (simi-
larly to HaCaT cells) in Tyrode’s solution containing 1.8
mmol/L Ca®* (Figure 6D). In contrast, the TRPV1 antag-
onist I-RTX prevented the [Ca®"]-increasing action of
capsaicin, demonstrating that this is a TRPV1-mediated
event. It is important to note that none of the studied
concentrations of capsaicin was able to significantly
modify [Ca®*]; of ORS or HaCaT keratinocytes in vitro
when calcium was removed from the Tyrode’s solution
(data not shown). This supports the concept that the
capsaicin-induced elevation in [Ca®*]; originated chiefly
from the extracellular space via TRPV1.

We also measured the effect of TRPV1 activation on
ORS and HaCaT keratinocyte proliferation using BrdU
enzyme-linked immunosorbent assays. In addition, be-
cause TRPV1-induced cellular events on sensory neu-
rons (eg, excitation, desensitization, and neurotoxicity)
and on nonneuronal cell types (eg, cytokine release) are
chiefly initiated by the influx of Ca®™" via TRPV1,"257-913
we also investigated the extracellular Ca®* dependence
of TRPV1 activation (this was impossible to measure in
the case of organ-cultured HFs that did not grow and
eventually died in low-Ca®" solutions, data not shown).
As seen in (Figure 6E), in high-Ca®* (2 mmol/L) SFM,
capsaicin dose-dependently inhibited proliferation of
ORS and HaCaT keratinocytes which effect was pre-
vented by |-RTX. However, as a marked contrast, the
TRPV1 agonist exerted a much less growth-inhibitory
effect in low-Ca®* (0.4 mmol/L) SFM. These data strongly
argued for that the TRPV1-evoked cellular responses in
cultured keratinocytes (and presumably in cultured HFs)
are mediated by the concomitant elevation of [Ca®™]..

These assays were complemented with a wide-spec-
trum flow cytometry analysis of alterations in the levels of
selected proliferation and apoptosis markers on capsa-
icin treatment of cultured ORS keratinocytes (Table 1).
Consistent with the above findings (Figures 3 and 6),
capsaicin (10 wmol/L for 2 days in high-Ca®* SFM) sig-
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nificantly suppressed the expression of Ki67 and prolif-
erating cell nuclear antigen also suggesting inhibition of
proliferation. Moreover, the TRPV1 agonist elevated the
number of annexin-V+ cells reflecting stimulation of ap-
optosis (similarly to that seen in the HF, Figure 3). How-
ever, also similarly to data obtained with the cultured HFs
(Figure 5, A and B), capsaicin did not modify the expres-
sion of numerous differentiation markers (Table 1).45-47
These data indicate that the activation of TRPV1 signaling
both on organ-cultured HFs and on primary ORS keratin-
ocytes results in the inhibition of proliferation and induc-
tion of apoptosis, with an insignificant effect on the pro-
cess of differentiation.

TRPV1 Stimulation in ORS Keratinocytes Down-
Regulates the Expression of Hair Growth-
Stimulatory Factors but Up-Regulates the
Expression of Hair Growth Inhibitors

Finally, we investigated whether and how TRPV1 stimu-
lation by capsaicin application altered the protein expres-
sions of various cytokines and growth factors that are well
appreciated to positively or negatively regulate HF
growth (Table 1). Flow cytometry analysis revealed that
vanilloid treatment significantly down-regulated the ORS
keratinocyte expressions of key promoters of HF growth
such as hepatocyte growth factor,'®394® insulin-like
growth factor-1,"®4° and stem cell factor.'®° In contrast,
capsaicin up-regulated the levels of IL-18 and TGF-B,,
well-known potent hair growth inhibitors'®:21:29:45.51
whereas the expressions of other hair growth inhibitory
agents such as fibroblast growth factor-5, IFN-y, and
tumor necrosis factor-a'®27:525% were not affected.

Concluding Remarks

Taken together, the data reported here introduce va-
nilloid receptors as significant new players in human hair
growth control, with TRPV1-mediated signaling exerting
profound effects on HF keratinocyte proliferation and ap-
optosis, and directly and/or indirectly manipulating a
number of well-recognized hair growth modulators. This
underscores that the physiological functions of TRPV1
and its elusive endogenous ligands, in human skin and
likely other mammalian tissues as well, far extend beyond
sensory neuron-coupled nociception. Thus TRPV1 joins
the group of other receptors (eg, nicotinic and muscarinic

Figure 6. Identification of TRPV1 in cultured ORS and HaCaT keratinocytes, the activation of which elevates [Ca®*]; and inhibits proliferation. A: TRPV1-ir (green
fluorescence) in cultured ORS keratinocytes. Nuclei were counterstained by DAPI (blue fluorescence). Inset, negative control of TRPV1 staining. B: Western blot
analysis of TRPV1 expression on cell lysates of ORS and HaCaT keratinocytes, and of HDFs. Arrow indicates predicted molecule size (95 kd). C: Q-PCR analysis
of TRPV1 expression in cultured cells and in the human HFs (for the human HFs, data are identical to those shown in Figure 1H). Data of TRPV1 expression were
normalized to the expression of GAPDH of the same sample and are expressed as relative mRNA amounts as a function of startup cDNA (relative amount of 1
was defined as the detection threshold). NHEK, normal human epidermal keratinocytes. Values are mean = SEM of three independent determinations. D: Fura-2
AM-loaded cells were challenged with various concentrations of capsaicin or with 10 umol/L capsaicin and 100 nmol/L iodo-RTX (I-RTX) together in Tyrode’s
solution containing 1.8 mmol/L calcium, and [Ca**]; was determined as described in Materials and Methods. Data are expressed as mean * SEM obtained on 15
to 20 cells per group. *, Significant (P < 0.05) differences compared to the resting [Ca?*],. **, Significant (P < 0.05) effect of I-RTX to prevent the action of 10
prmol/L capsaicin to increase [Ca?*];. E: A BrdU proliferation assay. Cells were plated in 96-well multititer plates in quadruplicates and were treated with various
concentrations of capsaicin (Caps) or with 30 umol/L capsaicin and 100 nmol/L iodo-RTX (I-RTX) together for 72 hours. For determining the extracellular calcium
dependence, experiments were performed in low-Ca*" SFM (0.4 mmol/L) and high-Ca®"* SFM (2 mmol/L). Data are expressed as mean = SEM as a percentage
of the matched control values regarded as 100%. *, Significant (P < 0.05) differences compared to control (vehicle-treated) proliferation. **, Significant (£ < 0.05)
effect of I-RTX to prevent the action of 30 umol/L capsaicin to inhibit proliferation. Original magnification, X630 (A).
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acetylcholine receptors, tachykinin, or glutamate receptors)
that were originally described as neuron-specific signal
transducers, but later were identified to be functionally ac-
tive on numerous nonneuronal cell types, including those
present in human skin and its appendages.®*>°

The concept that TRPV1 signaling targets previously
unappreciated cellular mechanisms is supported by
most recent preliminary data that we have obtained in a
pilot MicroArray assay (using a commercially available
focus chip that contains 1300 genes with recognized
relevance in investigative dermatology). Namely, capsa-
icin treatment (10 wmol/L for 2 days) of organ-cultured
human scalp HFs resulted in the induction of such genes
of agents inhibiting HF growth as insulin-like growth fac-
tor-l-binding protein-3,%” growth/differentiation factor-15/
macrophage inhibitory cytokine-1/placental TGF-B,%®
and activin BA,*° whereas TRPV1 activation down-regu-
lated the gene expression of matrix GLA-protein precur-
sor (MGP) that is an inhibitor of bone morphogenic pro-
tein-2/TGF-B signaling in the HF.®® Although these
preliminary results remain to be repeated and confirmed
by Q-PCR, they already point to an even wider spectrum
of direct or indirect target genes of TRPV1 signaling that
is apparent from the current study.

Interestingly, although the cellular actions affected by
TRPV1 activation showed clear calcium dependence (ie,
capsaicin was much less effective in inhibiting ORS ker-
atinocyte proliferation in low-Ca®* SFM, Figure 6E), cap-
saicin did not significantly affect terminal differentiation of
cultured ORS keratinocytes, a process that is also de-
pendent on extracellular [Ca®*] in the skin.®° These data
might be explained by several arguments, such as: 1) the
induction of catagen and, therefore, the processes of
apoptosis (along with the inhibition of proliferation) were
initiated earlier by the activation of TRPV1 than possible
alterations in expression of differentiation markers; 2) the
high calcium concentration of the culturing medium
(close to 2 mmol/L), that was required to maintain the HF
in organ-culture, alone induced increased expression of
the differentiation markers filaggrin (Figure 5A); hence,
the TRPV1-mediated calcium influx was unable to further
modify (presumably increase) this elevated level (Figure
5B); 3) the effect of capsaicin of various cellular mecha-
nisms possesses a strong dose and cell-type depen-
dence, as reflected by differential action, eg, on stimula-
tion of cytokine release (in keratinocytes, 1L-8;'% in mast
cells, IL-4 but not tumor necrosis factor-a”), cell death
(apoptosis at small concentrations in thymocytes:®' apo-
ptosis in glial cells,® and in airway®*' and breast epithe-
lial cells;*? necrotic cell death' in neurons and, at high
doses, on thymocytes®'), and, as revealed by current
findings, on differentiation (modification of differentiation
on glial cells® but not of ORS keratinocytes, Figure 5); 4)
finally, given that capsaicin treatment up-regulates the
expression of hair growth inhibitors (such as TGF-8, and
IL-1B) whereas down-modulates the levels of the hair
growth stimulators hepatocyte growth factor, insulin-like
growth factor-I, and stem cell factor (Figure 5, Table 1), it
appears that TRPV1 stimulation results in a complex al-
terations of the cytokine network of human HFs, the net

effects of which eventually coalesce in the cellular HF
changes described in Figures 2 to 6.

The well-defined, close physical association of TRPV1-
expressing sensory nerve fibers with the TRPV1-express-
ing ORS keratinocytes of the HF,®2%% along with other
TRPV1-positive nonneuronal cell types such as, eg, mast
cells and Langerhans cells,” % invite an intriguing hy-
pothesis with potential therapeutic implication. Namely,
the dual activation of TRPV1 by exogenous capsaicin or
endovanilloids (such as eicosanoids and prostaglandins
that are also found in the HF®?) on neuronal and nonneu-
ronal cell types of the skin likely results in the simulta-
neous release of neuropeptides from sensory axons and
of other mediators (eg, histamine, proinflammatory cyto-
kines) from HF cells, presumably from ORS keratino-
cytes. Given the recognized hair growth-modulatory
properties of such sensory neuron-derived neuropep-
tides as substance P and calcitonin gene-related pep-
tides'®%5%% and the involvement of TRPV1-expressing
mast cells” ' in hair growth,®7-%8 this could activate com-
plex, multidirectional signaling cascades including aug-
mentation of the action of the TRPV1 agonists and mast
cell degranulation both via TRPV1 and certain neuropep-
tide receptors such as NK1. The activation of such com-
plex cascades may also explain why TRPV1 stimulation
by capsaicin, under defined circumstances (various ap-
plied concentrations, telogen versus anagen HF stages,
species differences), can even stimulate hair growth in
mice,®® ie, can induce anagen in telogen HF in vivo (note
that in the current in vitro study the hair growth-inhibitory
effects of capsaicin were seen on human scalp HFs that
exhibited maximal growth activity, ie, anagen VI). Further-
more, preliminary observations from our currently ongo-
ing studies in TRPV1 knockout mice' (such as alter-
ations in HF cycling, effects on HF keratinocytes
proliferation and perifollicular mast cells) appears to be
also consistent with the concept that TRPV1 signaling is
indeed a key molecular mechanism in hair biology (Bodé
and colleagues, study in progress).

Taken together, the current study not only gives a hot
new twist to human hair growth control by introducing
TRPV1 signaling as a potent, physiologically relevant hair
growth-inhibitory force that may be clinically exploited,
eg, for the treatment of unwanted hair growth (hirsutism)
by the topical application of TRPV1 agonists, and of hair
loss (effluvium, alopecia) by administering TRPV1 antag-
onists. Our study also highlights that TRPV1 signaling is a
major, newly recognized player in epithelial biology in
general—both by its direct effect on epithelial tissues
(eg, epidermal and ORS keratinocytes) and its complex
indirect effects on neuroectodermal-mesenchymal inter-
action (eg, via the modification of neuropeptide release
from sensory skin nerves and of skin mast cell activation).
This invites one to systemically explore in future studies
how the anti-proliferative TRPV1 signaling can be manip-
ulated in a clinically desired manner by endogenous and
exogenous ligands in the management of hyperprolifera-
tive epithelial growth disorders of the skin (eg, psoriasis,
actinic keratosis, keratoacanthoma, and squamous cell
carcinoma) and elsewhere. Therefore, clinicians who ap-
ply agents that activate and/or sensitize TRPV1 (eg, cap-



saicin or resiniferatoxin' %€ 141569 now need to take the
above into account.
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